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WS2 is  an  excellent  solid  lubricant  in dry conditions,  and  can  be  applied  as  thin  ﬁlms.  The  analysis  of
WS2 and  WS2-based  ﬁlms  by  x-ray  photoelectron  spectroscopy  (XPS)  can  be  challenging,  due  to contam-
ination  and  oxidized  material  on the  surface.  The  investigations  have  traditionally  therefore  included
sputter  etching  by  ion  bombardment,  which  however  leads  to  changes  of the  remaining  material.  In  this
study,  hard  x-ray  photoelectron  spectroscopy  (HAXPES)  has  been  used  to  study  W–S  ﬁlms  deposited  by
magnetron  sputtering.  High-resolution  reference  measurements  for  crystalline  WS2 and  metallic  W  are
also presented.  The  W–S  ﬁlms  were  analyzed  before  and  after  sputter  cleaning  by Ar+ ion  bombardment,
using  photon  energies  of 3 and 6 keV.  The  as-deposited  ﬁlms  were  found  to  consist  mainly  of  a WSx phase,PS
S2
puttering
referential sputtering
similar  to WS2 but  with  a broader  range  of  chemical  states.  It is  shown  that ion  bombardment  of  the  sur-
face  not only  removes  the  outermost  oxidized  material,  but also  leads  to  preferential  sputtering  of  sulfur
and  the  formation  of  metallic  tungsten.  The  results  are  of  strong  interest  for  the  analysis  of  WS2-based
materials,  as they  demonstrate  that spectra  from  sputter-cleaned  ﬁlms  include  effects  of  sputter  damage,
and may  not  be representative  of the  original  sample.
©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).ntroduction
Transition metal dichalcogenides (TMDs) have a general for-
ula of MeX2, with the metal Me  usually being Mo  or W,  and the
halcogen X being S or Se. They have a layered structure, where the
heets of metal atoms are sandwiched between sheets of chalco-
en atoms. Each metal atom is coordinated by a trigonal prism of
halcogen atoms, and the chemical bonds within each sandwich
nit are covalent. The bonds between chalcogen layers, i.e. between
he sandwich units, consist of van der Waals interactions and are
onsiderably weaker [1]. The highly anisotropic structure of the
aterials makes them interesting for photovoltaic as well as tribo-
ogical applications. In the latter case, the weak bonding between
andwiches makes the material easily sheared, which leads to low
riction and motivates the use of TMDs as solid lubricants [2]. Thin
lms of WS2 can be deposited by magnetron sputtering, and used
or example in aerospace applications. Pure WS2 is very soft, and
∗ Corresponding author. Tel.: +46 184713775.
E-mail address: jill.sundberg@kemi.uu.se (J. Sundberg).
ttp://dx.doi.org/10.1016/j.apsusc.2014.03.038
169-4332/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unother elements such as C [3–6], N [5,6], Cr [7], or Ti [8,9], can be
added to improve the mechanical properties.
While the bulk material is relatively stable, the plane edges con-
tain dangling bonds, and they and other defect sites in WS2 and
other TMDs are easily oxidized in ambient conditions. Thin ﬁlms
of these materials often contain a relatively large proportion of
edge sites and defects, leading to the outermost surface consist-
ing mainly of metal oxide along with adsorbed contaminants. XPS
is often used to analyze the chemical bonding and phase content
of TMD-based ﬁlms. The surface sensitivity of the technique makes
sputter cleaning necessary in order to study the material beneath
the contaminated and oxidized surface. However, the bombard-
ment of ions during sputter etching induces changes in the material,
such as preferential sputtering of sulfur, which is much lighter than
W (or Mo)  [10–13]. Effects from differences in weight also occurs
during sputter deposition of, e.g., WS2 and MoS2, as the target
surface composition changes during deposition, and as larger pro-
portion of the metal atoms than of the sulfur atoms reach and stay
on the substrate [14]. The deposited ﬁlms are thus usually substoi-
chiometric in sulfur, even though the original target composition is
stoichiometric. The sulﬁde phase in sputter deposited ﬁlms should
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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herefore more correctly be referred to as WSx, where likely x < 2
15].
Studies on bulk crystals of MoS2 or WS2 have shown that ion
ombardment leads to a decrease in sulfur content on the sur-
ace, and the appearance of a reduced, metallic species [10–13]. The
resence of metallic species has been observed also in XPS studies
f sputter-deposited, polycrystalline ﬁlms as well as for nanocom-
osites containing TMD  grains [16], but has not previously been
ystematically studied for thin ﬁlms, even though it is well-known
nd studied for crystalline bulk materials. The change in composi-
ion and the chemical shift of the metallic component may  cause
igniﬁcant challenges when interpreting core level spectra, espe-
ially when several phases may  be present. To evaluate spectra by
urve ﬁtting is thus necessary, but complicated, especially in the
ase of complex regions such as W4f, where each chemical state of
 gives rise to three close-lying lines (W4f7/2, W4f5/2, and W5p3/2).
XPS is often performed using Mg  K or Al K radiation, which
ave energies of 1253.6 and 1486.7 eV, respectively [17]. The use of
ynchrotron radiation offers the possibility of tuning the energy, as
ell as giving access to higher energies up to hard x–rays. XPS using
-rays in the range of 2–12 keV is often referred to as hard x-ray
hotoelectron spectroscopy (HAXPES) or high kinetic energy XPS
HIKE-XPS). Higher kinetic energies of the photoelectrons give a
arger probing depth in the range of 10–30 nm,  well above the reach
f “classic” photoemission, thus making possible the investigation
f the true bulk of materials below the surface in a non-destructive
nd less surface-sensitive manner. For example, it is possible to
easure beneath the oxidized surface of a thin ﬁlm. An additional
dvantage of HAXPES is that core levels at binding energies not
eachable with Mg  or Al anode sources can be studied, for example
3d  and S1s. The interpretation of spectral features from these
ore levels is often more straightforward – for example, the energy
plit between the W3d5/2 and W3d3/2 in metallic tungsten is 63 eV,
hile the split between W4f7/2 and W4f5/2 is only 2 eV. Further
etails can be found in references [18] and [19].
The aim of the current work is to use HAXPES to study as-
eposited and sputter-etched W–S  ﬁlms deposited by magnetron
puttering, in order to gain understanding of the unaffected ﬁlm
aterial as well as the effects of sputter cleaning. The results are
iscussed in conjunction with reference measurements performed
n a WS2 crystal and on pure, metallic tungsten.
xperimental
The W–S  thin ﬁlms were deposited by pulsed, non-reactive
C magnetron sputtering from a sintered WS2 target (99.98%). A
ower of 450 W was applied to the target, which had a diam-
ter of 4′′. The ﬁlms were deposited on single-crystalline (1 0 0)
ilicon wafers, which were cleaned prior to deposition by argon
tching in the deposition chamber for 20 min  at a bias of −600 V.
he discharge pressure during deposition was 4 mTorr and the sub-
trates were rotated and kept at ﬂoating potential. The deposition
ime was 105 min. One of the ﬁlms was deposited during heat-
ng of the substrate to approximately 300 ◦C, while the other was
eposited at room temperature. The heated and non-heated sam-
les are denoted by W–S  HT (high temperature) and W–S  RT (room
emperature), respectively. The WS2 reference was a commercially
vailable bulk single crystal, and the W reference was pure W foil,
he W foil reference sample was sputter etched with Ar+ ions to
emove oxidized material on the outermost surface.
The ﬁlms were imaged by scanning electron microscopy (SEM)
n top-view mode and as fractured cross-sections using a Zeiss
550 instrument with a ﬁeld emission gun as the electron source.
he structure of the ﬁlms was studied by x-ray diffraction (XRD)
n Siemens D5000 diffractometers with Cu K radiation. TheScience 305 (2014) 203–213
measurements were performed at grazing incidence with an inci-
dence angle of 1◦ in parallel beam geometry, and in –2 mode
with focusing geometry. HAXPES measurements were performed
at the BESSY II Synchtrotron at Helmholtz–Zentrum Berlin using
the HIKE end-station [18] at beamline KMC-1 [20]. At this beam-
line, x-rays are generated with a bending magnet and energies
are selected with a double crystal monochromator (DCM). In the
current study the Si(1 1 1) and Si(4 2 2) crystal pairs were used to
select the photon energies of 3000 and 6000 eV, respectively. In
the case of reference samples, the measurements were performed
using the Si(1 1 1) crystal pair and photon energies of 3000 and
6015 eV, where the latter was measured with the third order light
of 2005 eV provided by the Si(1 1 1) crystal pair. The HIKE station
is equipped with a Scienta R4000 spectrometer optimized for high
kinetic energies up to 10 keV. The measurements were performed
close to normal emission of the photoelectrons. The total energy
resolution of the experiment was 0.5 eV for 3 keV excitation energy
and 0.3 eV for 6 keV. All binding energies are referenced to mea-
surements on a gold foil in electric contact with the sample. The Au
4f7/2 core level of gold was set to a binding energy of 84.0 eV [21]. To
study the effect of surface cleaning and sputter damage, the sam-
ples were sputtered in the HAXPES analysis chamber with Ar+ ions
(where the emission current in the electron gun was  10 mA,  the
acceleration voltage 1 kV and the Ar pressure 2 × 10−7 mbar, giving
a sample current of around 2 A). The base pressure in the analysis
chamber was  in the low 10−8 mbar range. The measured spectra
were ﬁtted using Casa XPS software. The baseline was  determined
using a Shirley background correction function and the curves used
for ﬁtting were Voigt proﬁles. Background intensities are used for
normalization of the spectra in order to remove intensity variations
caused by variations of the synchrotron ring current.
Results and discussion
Sample morphology and structure
As seen by the SEM images in Fig. 1a and b, the W–S  HT ﬁlm
has a columnar morphology that is typical for sputter deposited
MoS2 and WS2 ﬁlms [15,22–24]. The ﬁlm has a thickness of 2.2 m
and consists of thin platelets growing perpendicular to the surface,
making the ﬁlm highly porous. To the bare eye, the ﬁlm has a black
and matte appearance. It can also be noted that it has a very low
adhesion to the substrate, which can be related to the standing
platelets. The W–S  RT ﬁlm (Fig. 1c and d) instead has a dense and
featureless morphology, and a thickness of 0.9 m.  The ﬁlm looks
grey, and has a metallic luster when observed with the naked eye.
The x-ray diffractograms for both samples, in grazing incidence
(GI) and in –2 mode, can be seen in Fig. 2. For the W–S  HT
sample, the GI diffractogram features a diffraction pattern typical
for sputtered WS2 [7,23,25], with two asymmetric peaks as its
most prominent features. For the RT sample, only broad peaks are
observed in similar positions as the reﬂections for the W–S  HT ﬁlm.
The W–S  RT sample is thus nanocrystalline, which is consistent
with the difference in morphology observed by SEM, and can be
explained by the lower surface mobility of atoms during deposi-
tion. The microstructure of the W–S  HT sample, observed in SEM,
as well as the diffraction pattern is typical for WS2 of the so-called
type I, where the basal planes are perpendicular to the substrate
surface, which is usually observed for sputtered W–S  ﬁlms [26–28].
Films may  also grow with the basal planes parallel to the surface,
in which case they are referred to as type II. The asymmetry, with
a tail towards higher angles, is attributed to turbostratic stacking
of the basal planes. The structure of WS2 is hexagonal and layered,
and can be said to consist of base planes perpendicular to the c
axis. Turbostratic stacking can be described as disorder along the c
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tFig. 1. Scanning electron micrographs of the W–S  HT (a and b) and W–S  RT ﬁlms
xis, which means that the basal planes are parallel to each other
ut more or less randomly rotated. The main peak here at 2 ≈ 35◦
s therefore usually indexed as only (1 0), or (10l), with l = 0, 1,
, 3. . . [5,15,23,25,29,30]. The second peak, at 2 ≈ 62◦, is in the
ame manner indexed as (1 1) or (11l). In both cases, however, the
eﬂections are found at higher angles than in reference powder
ata for hexagonal WS2 (2H-WS2) [31]. This indicates a smaller
attice spacing, if the sharp peak components are assumed to
ig. 2. X-ray diffractograms of HT and RT samples, measured in grazing incidence and –
asal  planes perpendicular to the substrate surface. The peak asymmetry observed by G
herefore indexed as (1 0 1) and (1 1 1). Reference measurements for an uncoated Si subst d,). The micrographs are in cross-section view (a and c) and top-view (b and d).
represent the (1 0 0) and (1 1 0) reﬂections. The diffractogram mea-
sured using a –2 setup has a similar pattern, with peak maxima
at the same angles as in GI-XRD. However, the peaks are in this case
more symmetric. As only planes parallel to the surface are detected
in the –2 geometry, this indicates that only (hkl) planes with l = 0
(edge planes) meet this criterion, and thus that the basal planes are
oriented perpendicular to the surface [32]. However, a small peak
is observed around the position for the (0 0 2) reﬂections. It is not
2 mode. The crystalline HT ﬁlm is of type I, i.e. has a (1 0 0) orientation, with the
I-XRD is due to turbostratic stacking along the c axis, and the main reﬂections are
rate are included.
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Table 1
Binding energy and full width at half maximum (FWHM) for W and S core levels in WS2 and W reference samples.
Sample Element Core level h = 3 keV h = 6 keV
Eb (eV) FWHM (eV) Eb (eV) FWHM  (eV)
WS2 W 3d5/2 1808.2 1.8 1808.3 1.7
3d3/2 1870.3 1.8 1870.4 1.7
4f7/2 32.7 0.7 32.8 0.6
4f5/2 34.8 0.7 35.0 0.6
5p3/2 38.4 1.8 38.6 2.0
S  1s 2470.3 1.1 2470.4 1.0
2p3/2 162.4 0.7 162.6 0.6
2p1/2 163.6 0.7 163.8 0.6
W  W 3d5/2 1806.8 1.8 1806.7 1.6
3d3/2 1868.9 1.9 1868.8 1.7
4f7/2 31.3 0.5 31.3 0.4
4f 33.4 0.5 33.5 0.4
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ncommon that TMD  ﬁlms have a nucleation layer with base planes
arallel to the surface, i.e. (0 0 1) orientation, closest to the sub-
trate, but that the growth then switches to (1 0 0) orientation [33].
s the penetration depth in the –2 setup is larger than the ﬁlm
hickness, the nucleation layer is observed in the diffractogram.
urthermore, a weak Si(2 0 0) peak at 33◦, and an intense Si(4 0 0)
eak at 69◦, are observed from the Si(1 0 0) substrate in –2
ode.
If the maximum of the (10l) peak is assumed to correspond to
he (1 0 0) reﬂection, the plane distance for the (1 0 0) planes in the
T ﬁlm is about 2.59 A˚, which is about 5% smaller than the ref-
rence value of 2.63 A˚. The case for the (11l)/(1 1 0) reﬂection is
imilar, with a plane distance of 1.50 A˚ rather than the reported
.58 A˚. This could indicate that there is a contraction in the a direc-
ion, i.e. within the basal planes. However, it has been reported
hat turbostratic stacking leads to a shift of the (10l) and (11l) to
igher angles [29], and so the apparent contraction in a is likely to
e at least partly due to turbostratic stacking. The (0 0 2) reﬂection
s instead shifted towards a lower angle, and corresponds to a plane
istance of 7.63 A˚, which can be compared to 6.16 A˚ in bulk WS2. A
ontraction in a and expansion in c is in agreement with the obser-
ations of Lince and Fleischauer for MoS2 ﬁlms [32]. It is suggested
hat both sulfur deﬁciency and oxidation results in a contraction
long the edge, which should also lead to expansion in the (0 0 1)
irection [1,32]. The ﬁlm could thus be substoichiometric with
espect to sulfur, although this could be due to vacancies and/or
ther atoms on the sulfur sites. It has been shown that severely
ubstoichiometric TMD  ﬁlms, even with x ≤ 1, still can retain the
ame crystal structure [15,34], and that the sum of the S/Me and
/Me ratios does not have to be 2 [15].
AXPES analysis of reference samples
Reference samples of WS2 and W were analyzed by HAXPES,
ocusing on the W4f  and W3d  spectral region for both, and also on
he S1s and S2p regions for the sulﬁde reference. The binding energy
nd full width at half maximum (FWHM) values are displayed in
able 1, and the spectra are displayed in Fig. 3 for W3d  and W4f,
nd Fig. 4 for S1s and S2p. For the WS2 crystal, the W3d5/2 peak
as a main contribution at a binding energy of around 1808.3 eV. A
reviously reported value for the binding energy of W3d5/2 line for
S2 is 1807.5 eV [35]. There is also a small oxidized contribution at
 binding energy of about 1811.8 eV. The W4f7/2 line is located at a
inding energy of 32.8 eV, matching the value reported by Wagner
or WS2 [35]. Regarding the sulfur in WS2, the S1s line is found to
ave a binding energy of 2470.4 eV while the S2p3/2 line is observed
t a binding energy of 162.5, matching literature values such as the
62.6 eV reported by Wagner [35].2.1 37.0 2.0
Furthermore, the spectral region featuring the S2s and the W4d
core levels was  analyzed for quantiﬁcation purposes. The W4d 5/2
line is observed at a binding energy of 244.7 eV. The binding energy
for the S2s core level is found at 226.8. The W4d  and S2s core lev-
els were chosen for estimating the composition since their similar
binding energy allowed them to be measured at the same time,
with all parameters identical and with very similar kinetic energy
and probing depth. The areas for the S2s, W4d5/2 and W4d3/2 peaks
in the reference sample were used to obtain cross-section correc-
tion factors at the two  photon energies (3 and 6 keV) by assuming
the reference sample stoichiometry to be WS2 (i.e. its S/W ratio to
be exactly 2).
The core levels for tungsten were also measured on the pure
metal sample. The W3d  as well as the W4f  lines were typically
found to be asymmetric, and were ﬁtted using a Voigt function with
an asymmetry parameter. The W3d5/2 line is observed at a binding
energy of 1806.8 eV, which is well within range of the reported
binding energy values for the W3d5/2: 1806.9–1809.2 eV [35–37].
The W4f7/2 line has a binding energy of 31.4 eV, in agreement with
literature [17]. The W4f  spectral region also contains the W5p3/2
core level, and it should be noted that the W5p3/2 peak is more
prominent for 6 than for 3 keV photons, as the cross-sections for
W4f  and W5p  shells vary with photon energy.
HAXPES analysis of as-deposited and sputter-etched ﬁlms
Analysis by HAXPES was  performed for the W3d, W4d, W4f, S1s,
S2s, S2p, O1s and C1s regions for as-deposited ﬁlms, as well as after
20 and 60 min  of sputter cleaning by Ar+ ions. Measurements were
performed using photon energies of 3 and 6 keV, where the latter
gives a larger information depth due to the higher kinetic energies
of the photoelectrons. A photon energy of 3 keV results in compar-
atively more surface-sensitive measurements, but still gives access
to the W3d  and S1s core levels. It should be noted that the measure-
ments of deeper core levels, i.e. W3d  and S1s, become more surface
sensitive than measurements of levels with lower binding energy
when the photon energy rather than the kinetic energy is kept con-
stant. The spectra for the W–S  HT and W–S  RT samples before and
after sputter etching are in many aspects similar. Therefore, only
the spectra for the W–S  HT sample, which is more crystalline and
has the columnar morphology typical of sputtered TMD  ﬁlms, are
initially chosen to present the measurements in this section. The
effect of deposition temperature, i.e. the differences between the
two samples, is discussed in a later section.The W3d  and W4f  core level spectra are displayed in Fig. 5. For
the as-deposited sample, the high-BE contribution of W3d5/2 at
1811.5 eV is the most prominent, and is attributed to surface oxi-
dation. A previously reported value for WO3, however with lower
J. Sundberg et al. / Applied Surface Science 305 (2014) 203–213 207
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f  3 and 6 keV. The spectra are normalized with respect to the maximum intensity.
esolution, is 1810.4 eV [35]. Another peak, originating from the
Sx phase, is observed at a binding energy of 1808.8 eV, which is
imilar to but slightly higher than the 1808.3 eV observed for the
S2 reference sample. However, the WSx contribution in the ﬁlm
as an apparent FWHM of about 2.5–3 eV, compared to 1 eV for the
S2 reference. This indicates less order, as the WSx phase is most
robably a sum of several close-lying, intermediate states. With
putter etching, the relative contribution from the most oxidized
hase decreases while that from the sulﬁde increases. Also, the
idth of the sulﬁde contribution increases slightly, indicating that
he distribution of sulﬁde states is affected by the sputter etching.
urthermore, upon etching a third contribution appears at a lower
inding energy of about 1807.2 eV, and can be attributed to metallic(a and b) and metallic W (c and d) reference samples, measured at photon energies
tungsten as it matches the binding energy found for the tungsten
reference sample. The relative size of this peak increases with sput-
ter etching time and, as it is not present in the as-deposited sample,
it is ascribed to sputter damage. The spectra measured using 3 and
6 keV photons are similar, although the relative size of the sulﬁde
peak is larger for 6 keV. The larger probing depth at the higher pho-
ton energy gives a stronger signal from the bulk of the ﬁlm, which
is not oxidized or sputter-damaged, so a clear separation between
the bulk and surface components is possible.The W4f  core level spectra, shown in Fig. 5, have contributions
corresponding to those in the W3d  spectra, although the complete
W4f  spectra are more complex to curve ﬁt as there are three lines
at small separation (W4f7/2, W4f5/2, and W5p3/2) for each chemical
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tate. However, a well resolved contribution at a binding energy of
6.1 eV for the W4f7/2 line is observed, which is similar to literature
alues of 35.8 eV for WO3 [17]. For as-deposited samples, this con-
ribution is clearly the most prominent. The curve ﬁt also shows a
ontribution at a binding energy of approximately 33.0 eV, which
an be ascribed to WSx as the binding energy found for the refer-
nce WS2 sample is 32.8 eV. The WSx contribution has an apparent
WHM of about 1 eV, which is broader than the 0.6 eV observed for
he single crystal WS2 reference, similar to the W3d  spectrum. With
putter etching, the width of the WSx contribution increases to
bout 1.5 eV. A new contribution at a lower binding energy appears
ith sputter etching – in the W4f7/2 case at 31.6 eV. This matches
he value observed for metallic W4f7/2, and is in agreement with
eports of metal island formation on WS2 and MoS2 as a result of
on bombardment [10,11].
The measured S1s and S2p spectra are shown in Fig. 6. For the
s-deposited samples, the S1s spectra can be ﬁtted using three
ontributions. The contribution at a binding energy of 2478 eV
s attributed to oxidized sulfur species on the surface. The main
ontribution to the total signal at 2470.3 eV corresponds to the
Sx phase. A small, intermediate contribution at approximately
472.1 eV is also observed. After sputter etching, the oxidized sur-
ace species are not present anymore, and the intensity of the
ontribution at an intermediate binding energy has decreased. The
bservations in the S2p region are very similar. There is a double
eak with the S2p3/2 line at around 169 eV, representing oxidized
ulfur species and disappearing after sputter cleaning. The main
ontribution is positioned at 162.4 eV and should originate from
he WSx phase. There could also be a small contribution at approxi-
ately 163.5 eV, corresponding to the intermediate peak observed
n the S1s spectra, although it is relatively smaller than for S1s, pos-
ibly due to the higher kinetic energy and the larger probing depth
or the S2p than for the S1s core level. The S1s and S2p thus both
how that the majority of the sulfur is present as WSx. Before sputter
tching, the binding energies are very similar to the crystalline WS2.
he FWHM values are 1.5 (3 keV) and 1.1 (6 keV) for S1s, and 0.8
3 keV) and 1.1 (6 keV) for S2p3/2, which is somewhat higher than
n the reference sample. With sputter etching, however, the FWHM
alues increase by up to 40%, indicating an increased variation in
he chemical bonding of the sulfur atoms. Furthermore, the binding
nergy of the sulfur in WSx decreases by about 0.3 eV with sputter
tching. This could be related to increased charge transfer from
he remaining sulfur atoms, when sulfur is removed from the WSx
hase. Regarding the small contribution at binding energies slightlyple, measured at photon energies of 3 and 6 keV. The spectra are normalized with
higher than the WSx phase, this might be ascribed to a mixed oxy-
sulﬁde phase WOySz. Such phases have been reported in various
compositions with y + z > 2, and the mixed phase is an intermedi-
ate between WO3 and WS2 [23,38,39]. The oxysulﬁde can contain
sulfur with binding energies both higher and lower than sulfur in
WS2. Tungsten in WOySz has a binding energy intermediate to, and
partly overlapping with, tungsten in WS2 and in WO3. It is possible
that such a contribution could also be included in the total W3d
and W4f  peak shapes, although it is not needed to obtain a good ﬁt,
and thus one can neither conﬁrm nor disprove the existence of an
oxysulﬁde phase based on the W spectral regions.
The intensity of the O1s signal (not shown) decreases with sput-
tering, but is present to some extent in all measurements. The
O1s peak is located at a binding energy of around 531 eV for all
measurements. For WO3, a binding energy of 530.6 eV has been
reported [17]. The peak is slightly asymmetric towards higher
binding energies, and so a second contribution could be possible.
The signiﬁcance of such a second contribution at higher binding
energy decreases somewhat with sputter etching. In the C1s spec-
tral region, only surface contamination before sputter etching is
observed.
Stoichiometry of W–S  ﬁlms
The spectral regions featuring the W4d  and S2s core levels were
investigated in order to estimate the stoichiometry of the ﬁlms,
i.e. the value of x in WSx. This was also done for the single crys-
tal WS2 reference sample, for which the S/W ratio was assumed
to be 2, leading to correction factors for the measured intensi-
ties at 3 and 6 keV photon energies. However, considering only the
total amounts of W and S the evaluation gives very low x values,
especially for as-deposited samples, due to the oxidized surface
consisting largely of tungsten oxide. To obtain a better estimation,
the results from the curve ﬁtting of the W spectra were used in order
to include only the amount of tungsten not present as oxide. The
proportion of W in the form of oxide is similar in the W3d  and W4f
spectra, but the latter was  used since the binding energy (and thus
the kinetic energy) is closer to that of the W4d  lines. For the W–S
HT ﬁlm, the corrected S/W ratio for the 3 keV measurements was
estimated at about 1.1 in the as-deposited ﬁlm, decreasing to about
0.6 with sputter etching. For a photon energy of 6 keV, which gives
a larger probing depth, the S/W ratio instead decreased from 1.6
in the as-deposited ﬁlm to around 1.2 after sputter etching. These
estimations are highly approximate, especially for the as-deposited
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plane surfaces of WS are unreactive, while the edges have danglingig. 5. The W 3d (a and c) and W4f  (b and d) spectral regions for the W-S  HT ﬁlm aft
c  and d). Fitted curves include contributions from oxide (WO3), sulﬁde (WSx) and m
lms where the tungsten is present mainly as oxide, but indicate
hat x < 2 for as-deposited as well as sputter-etched ﬁlms, although
he latter are more severely substoichiometric in sulfur, which can
e connected to the appearance of a metallic tungsten phase.
ffect of deposition temperature
A comparison of the W3d5/2 and S1s spectra for W–S  HT and W–S
T can be found in Fig. 7. The spectra for the RT sample are gener-
lly similar to those for the HT sample, regarding peak positions,
ontributions, FWHM values, and changes with sputter etching.
owever, some differences can be observed. Before sputter etching,
he surfaces of both samples are oxidized. After 60 min  of sputter0 and 60 min  of sputter etching, using photon energies of 3 keV (a and b) and 6 keV
ic tungsten (W).
etching, part of the oxidized layer has been removed to expose the
bulk of the ﬁlm, as described above for the HT sample. As seen in
Fig. 7, however, the RT sample seems to be more oxidized after the
same time of sputter etching. Possibly, the same time of etching
corresponds to a larger depth for the porous HT ﬁlm than for the
dense RT ﬁlm. It is also possible that there are less oxygen impurities
in the more crystalline HT sample than in the more disordered RT
ﬁlm. The RT ﬁlm is nanocrystalline and thus has a large proportion
of grain boundaries, which are likely sites for impurities. The basal2
bonds and therefore are more easily oxidized. Smaller grains would
have a larger amount of exposed edges, where partial oxidation is
possible.
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aig. 6. The S1s (a and c) and S2p (b and d) spectral regions for the W–S  HT ﬁlm afte
c  and d). The ﬁtted curves include contributions from sulﬁde (WSx) and oxidized s
mplications for analysis of WS2-based ﬁlms
The risk of damage by sputter cleaning of WS2 is well-known
nd has been previously studied, for example on WS2 crystals
10]. Ion bombardment cleans the surface, but leads to preferen-
ial sputtering of sulfur, so that the compound becomes severely
ubstoichiometric. The preferential sputtering is often ascribed to
he large difference in mass between W and S ions, but the different
apor pressures of the materials should also be considered – sulfur
s not only lighter than tungsten, but also much more volatile [11].
or bulk WS2, which can be assumed to be stoichiometric before
putter etching, compositions as low as S/W = 0.4 were observed
fter ion bombardment [10]. One obvious effect is that the relative and 60 min  of sputter etching, using photon energies of 3 keV (a and b) and 6 keV
 on the surface, as well as a small intermediate contribution.
amounts of W and S will be incorrectly quantiﬁed in a sputter-
cleaned material, and such measurements thus cannot be used
for estimating the elemental composition. Furthermore, the pref-
erential sputtering also changes the chemical environment of the
remaining atoms. Rumaner et al. observed metallic tungsten islands
on the surface of a WS2 crystal after ion bombardment [10], and
both Lince et al. [11] and Feng and Chen [40] reported similar results
for MoS2. Our results clearly show the evolvement of a chemical
state of tungsten with sputter etching, which has a binding energy
matching that of metallic tungsten. It can thus be concluded that,
like single WS2 crystals, sputter deposited W–S  ﬁlms are subject to
damage by ion bombardment, and that a metallic tungsten phase
is obtained as a result of preferential sputtering of sulfur during
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cFig. 7. Comparison of W3d5/2 and S1s spectra for the HT and RT samples after 0
putter etching. It is also observed that the WSx component in W3d
nd W4f  as well as in S1s and S2p spectra changes with sputtering.
ainly, the width of the contributions increases, indicating a wider
ange of chemical states for the two elements.
HAXPES analysis makes it possible to better study the nature
f the as-deposited material, since the contributions from the ﬁlm
eneath the oxidized surface is less obscured with larger probing
epths. Furthermore, XPS analysis of WS2-based ﬁlm is generally
ased on the W4f  and S2p spectral regions, where especially the
ormer is complex with much ambiguity in the interpretation, when
everal contributions are present. Using a higher photon energy
llows the measurement of deeper core levels such as W3d  and S1s.
hese spectral regions are less ambiguous to interpret, in the S1s
ase because there is no spin-orbit coupling, and in the W3d  case0 min  of sputter etching. Data for HT samples are also featured in Figs. 5 and 6.
because of the large separation between the W3d5/2 and W3d3/2
lines.
Analysis by XPS is frequently used for the investigation of WS2-
based thin ﬁlms. In order to properly interpret XPS data for these
ﬁlms, understanding the effects of sputter damage is essential. The
small information depth of standard XPS with Al or Mg  K radiation
makes removal of the oxidized outermost surface necessary, but
obviously poses problems as it also damages the material. The ion
bombardment leads to change in composition as well as in chemical
shifts, and the analysis volume is likely within the zone affected by
ion bombardment and subject to sputter damage. It is thus difﬁcult
to separate the contributions resulting from sputter-damage, from
those of the actual ﬁlm material. Especially, this can be a problem in
materials containing other elements, where other chemical states
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f tungsten with low binding energies are possible. One example is
–S–C ﬁlms, where tungsten carbide bonds are possible. The bind-
ng energy for tungsten in WC  has been reported at values from
1.6 eV (referenced to Au4f7/2 at 83.8 eV) [41] to 32.3 eV [35]. Thus,
ungsten bonded to carbon can be difﬁcult to separate from the
etallic tungsten related to sputter damage, which makes inter-
retation difﬁcult, and the fraction of WC will be overestimated if
he sputter damage effects are not considered.
Furthermore, the measured peak shapes often contain several
omponents, which can be due to oxidation, to the presence of other
lements, to sputter damage, or a combination of these effects.
hese factors make curve ﬁtting of the measured S2p and W4f  spec-
ra difﬁcult, especially as these lines are subject to spin-orbit splits
ith only small energy shifts, and moreover the W4f  region also
ncluding the W5p3/2 line is complicating the spectra. An additional
eneﬁt of HAXPES is thus the ability to reach the W3d5/2 and S1s
ines.
onclusions
Two sputter-deposited W–S  ﬁlms were analyzed by HAXPES,
hich has a larger probing depth than conventional XPS, and there-
ore enables sub-surface studies without physically removing the
utermost material. Furthermore, with the photon energies used,
ccess to the W3d  and S1s core levels aid the interpretation of
he more intricate W4f  and S2p spectra. This is highly interest-
ng in the case of W–S  ﬁlms, which are oxidized on the surface
ut prone to damage when exposed to ion bombardment, so that
everal contributions are present at the same time. The effects
f sputter damage can therefore be studied by the use HAXPES,
nd separated from the contributions from the as-deposited ﬁlm
aterial. The as-deposited ﬁlms are found to contain a WSx phase,
hich is crystalline in the HT (heated) ﬁlm, and nanocrystalline for
he RT (non-heated) ﬁlm. The WSx of the HT ﬁlm has a so-called
ype I structure with basal planes perpendicular to the surface,
nd the ﬁlm is highly porous. The RT ﬁlm is found to have a dense
icrostructure. From HAXPES analysis, both ﬁlms are observed to
ontain a WSx phase similar to the WS2 reference, but with a larger
istribution of chemical states for tungsten as well as for sulfur.
he surface of the as-deposited ﬁlms is oxidized, mainly to WO3,
nd adsorbed species are present as contaminations on the sur-
ace. With sputter-etching, the contaminations disappear and the
elative amount of the surface oxide decreases. However, with sput-
ering, the contributions from non-stoichiometric WSx states in the
ore level peaks broaden, indicating a change in the chemical bond-
ng. Furthermore, a new chemical state of tungsten appears at lower
inding energy, and can be identiﬁed as metallic tungsten by com-
arison with reference measurements on metal. Thus, it is found
hat ion bombardment during sputter cleaning not only removes
he outermost, oxidized material, but also causes drastic changes
f the remaining material. The stoichiometry of the W–S  ﬁlms is
ound to be in general lower than WS2, and decreasing even fur-
her upon sputter etching. The preferential sputtering of sulfur not
nly leads to a decrease of the S/W ratio, but it also changes the
hemical bonding. The effect of sputter damage is also observed
n other materials systems based on WS2, and quantiﬁcation of
ifferent phases in systems where W may  form other compounds
hould be performed with care, as the binding energies of metallic
 and, for example, W in WC are similar. This is important for the
nalysis of, for example, WS2-based ﬁlms for tribological applica-
ions, as other C or elements are often added to WS2 in order to
mprove the mechanical properties. Such materials can thus con-
ain other phases besides WSx, and their contributions must be
eparated from contributions arising from sputter damage of WSx.
he understanding of the effects of sputter cleaning on WS2 is thus
[
[Science 305 (2014) 203–213
highly valuable for the interpretation of XPS spectra of pure WSx as
well as WS2-based materials.
Acknowledgements
We  acknowledge the Helmholtz-Zentrum Berlin for provision
of synchrotron radiation beamtime at beamline KMC-1 of BESSY
II. The research leading to these results has received funding
from the European Community’s Seventh Framework Programme
(FP7/2007-2013) under grant agreement no. 312284. The Swedish
Foundation for Strategic Research (via the program ‘Technical
advancement through controlled triboﬁlms’) and the Swedish
Research Council (grant no. 621-2011-3492) are acknowledged for
ﬁnancial support.
References
[1] P.D. Fleischauer, Fundamental aspects of the electronic structure, materials
properties and lubrication performance of sputtered MoS2 ﬁlms, Thin Solid
Films 154 (1987) 309–322.
[2] S.R. Cohen, L. Rapoport, E.A. Ponomarev, H. Cohen, T. Tsirlina, R. Tenne, C. Levy-
Clement, The tribological behavior of type II textured MX2 (M = Mo,  W,  X = S,
Se) ﬁlms, Thin Solid Films 324 (1998) 190–197.
[3] A.A. Voevodin, J.P. O’Neill, J.S. Zabinski, WC/DLC/WS2 nanocomposite coatings
for  aerospace tribology, Tribol. Lett. 6 (1999) 75–78.
[4] T. Polcar, M.  Evaristo, A. Cavaleiro, The tribological behavior of W–S–C ﬁlms in
pin-on-disk testing at elevated temperature, Vacuum 81 (2007) 1439–1442.
[5] A. Nossa, A. Cavaleiro, The inﬂuence of the addition of C and N on the wear
behaviour of W–S–C/N coatings, Surf. Coat. Technol. 142 (2001) 984–991.
[6] A. Nossa, A. Cavaleiro, N.J.M. Carvalho, B.J. Kooi, J.T.M. De Hosson, On  the
microstructure of tungsten disulﬁde ﬁlms alloyed with carbon and nitrogen,
Thin Solid Films 484 (2005) 389–395.
[7] B. Deepthi, H.C. Barshilia, K.S. Rajam, M.S. Konchady, D.M. Pai, J. Sankar, A.V.
Kvit, Structure, morphology and chemical composition of sputter deposited
nanostructured Cr–WS2 solid lubricant coatings, Surf. Coat. Technol. 205 (2010)
565–574.
[8] V. Rigato, G. Maggioni, D. Boscarino, L. Sangaletti, L. Depero, V.C. Fox, D. Teer, C.
Santini, A study of the structural and mechanical properties of Ti–MoS2 coatings
deposited by closed ﬁeld unbalanced magnetron sputter ion plating, Surf. Coat.
Technol. 116-119 (1999) 176–183.
[9] T.W. Scharf, A. Rajendran, R. Banerjee, F. Sequeda, Growth, structure and friction
behavior of titanium doped tungsten disulphide (Ti–WS2) nanocomposite thin
ﬁlms, Thin Solid Films 517 (2009) 5666–5675.
10] L.E. Rumaner, T. Tazawa, F.S. Ohuchi, Compositional change of (0 0 0 1) WS2
surfaces induced by ion-beam bombardment with energies between 100 and
1500 eV, J. Vac. Sci. Technol. 12 (1994) 2451–2456.
11] J.R. Lince, D.J. Carre, P.D. Fleischauer, Effects of argon ion-bombardment on the
basal-plane surface of MoS2, Langmuir 2 (1986) 805–808.
12] M.A. Baker, R. Gilmore, C. Lenardi, W.  Gissler, XPS investigation of preferential
sputtering of S from MoS2 and determination of MoSx stoichiometry from Mo
and S peak positions, Appl. Surf. Sci. 150 (1999) 255–262.
13] J.C. Bernede, About the preferential sputtering of chalcogen from transition
metal dichalcogenide compounds and the determination of compound stoi-
chiometry from XPS peak positions, Appl. Surf. Sci. 171 (2001) 15–20.
14] K. Ellmer, Preparation routes based on magnetron sputtering for tungsten
disulﬁde (WS2) ﬁlms for thin-ﬁlm solar cells, Phys. Status Solidi B 245 (2008)
1745–1760.
15] M.  Regula, C. Ballif, J.H. Moser, F. Levy, Structural, chemical, and electrical char-
acterisation of reactively sputtered WSx thin ﬁlms, Thin Solid Films 280 (1996)
67–75.
16] J. Sundberg, H. Nyberg, E. Särhammar, F. Gustavsson, T. Kubart, T. Nyberg, S.
Jacobson, U. Jansson, Inﬂuence of Ti addition on the structure and properties of
low-friction W–S–C coatings, Surf. Coat. Technol. 232 (2013) 340–348.
17] J. Chastain, R.C. King, Handbook of X-ray Photoelectron Spectroscopy, Physical
Electronics, Inc, Eden Prairie, MN,  1995.
18] M.  Gorgoi, S. Svensson, F. Schäfers, G. Öhrwall, M. Mertin, P. Bressler, O. Karis, H.
Siegbahn, A. Sandell, H. Rensmo, W.  Doherty, C. Jung, W.  Braun, W.  Eberhardt,
The high kinetic energy photoelectron spectroscopy facility at BESSY progress
and ﬁrst results, Nucl. Instrum. Meth. A 601 (2009) 48–53.
19] E. Holmstrom, W.  Olovsson, I.A. Abrikosov, A.M.N. Niklasson, B. Johansson, M.
Gorgoi, O. Karis, S. Svensson, F. Schafers, W.  Braun, G. Ohrwall, G. Andersson,
M.  Marcellini, W.  Eberhardt, Sample preserving deep interface characterization
technique, Phys. Rev. Lett. 97 (2006).
20] F. Schaefers, M. Mertin, M.  Gorgoi, KMC-1. A high resolution and high ﬂux soft
x-ray beamline at BESSY, Rev. Sci. Instrum. 78 (2007).
21] M.P. Seah, Post-1989 calibration energies for x-ray photoelectron spectrome-
ters and the 1990 Josephson constant, Surf. Interface Anal. 14 (1989), 488–488.
22] V. Buck, Structure and density of sputtered MoS2 ﬁlms, Vacuum 36 (1986)
89–94.
rface S
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[J. Sundberg et al. / Applied Su
23] I. Martin-Litas, P. Vinatier, A. Levasseur, J.C. Dupin, Characterisation of R.F. sput-
tered tungsten disulﬁde and oxysulﬁde thin ﬁlms, Thin Solid Films 416 (2002)
1–9.
24] J. Moser, F. Levy, F. Bussy, Composition and growth mode of MoSx sputtered
ﬁlms, J. Vac. Sci. Technol. A 12 (1994) 494–500.
25] A. Nossa, A. Cavaleiro, Chemical and physical characterization of C(N)-doped
W–S  sputtered ﬁlms, J. Mater. Res. 19 (2004) 2356–2365.
26] R. Bichsel, F. Levy, Morphological and compositional properties of MoSe2 ﬁlms
prepared by R.F. magnetron sputtering, Thin Solid Films 116 (1984) 367–372.
27] P.A. Bertrand, Orientation of R.F.-sputter-deposited MoS2 ﬁlms, J. Mater. Res. 4
(1989) 180–184.
28] M.  Genut, L. Margulis, G. Hodes, R. Tenne, Preparation and microstructure of
WS2 thin ﬁlms, Thin Solid Films 217 (1992) 91–97.
29] J. Moser, F. Levy, Random stacking in MoS2−x sputtered thin ﬁlms, Thin Solid
Films 240 (1994) 56–59.
30] A. Nossa, A. Cavaleiro, Mechanical behaviour of W–S–N and W–S–C sputtered
coatings deposited with a Ti interlayer, Surf. Coat. Technol. 163 (2003) 552–560.31] International Centre for Diffraction Data, ICDD card 04-003-4478, 2011.
32] J.R. Lince, P.D. Fleischauer, Crystallinity of R.F.-sputtered MoS2 ﬁlms, J. Mater.
Res. 2 (1987) 827–838.
33] V. Weiss, S. Seeger, K. Ellmer, R. Mientus, Reactive magnetron sputtering of
tungsten disulﬁde (WS2-x) ﬁlms: inﬂuence of deposition parameters on texture,
[
[cience 305 (2014) 203–213 213
microstructure, and stoichiometry, J. Appl. Phys. 101 (2007), 103502-103501-
103502-103509.
34] H. Dimigen, H. Hübsch, P. Willich, K. Reichelt, Stoichiometry and friction prop-
erties of sputtered MoSx layers, Thin Solid Films 129 (1985) 79–91.
35] C.D. Wagner, X-ray photoelectron spectroscopy with x-ray photons of higher
energy, J. Vac. Sci. Technol. 15 (1978) 518–523.
36] W.  Huschka, D. Ross, M.  Maier, E. Umbach, Calibrated binding energies of some
core levels in the energy range between 1.5–4 keV, J. Electron Spectrosc. 46
(1988) 273–276.
37] J.A. Bearden, A.F. Burr, Reevaluation of x-ray atomic energy levels, Rev. Mod.
Phys. 39 (1967), 125-&.
38] J.C. Dupin, D. Gonbeau, I. Martin-Litas, P. Vinatier, A. Levasseur, Amorphous
oxysulﬁde thin ﬁlms MOySz (M = W,  Mo,  Ti) XPS characterization: structural
and electronic peculiarities, Appl. Surf. Sci. 173 (2001) 140–150.
39] H. Martinez, A. Benayad, D. Gonbeau, P. Vinatier, B. Pecquenard, A. Levasseur,
Inﬂuence of the cation nature of high sulfur content oxysulﬁde thin ﬁlms MOySz
(M = W,  Ti) studied by XPS, Appl. Surf. Sci. 236 (2004) 377–386.40] H.C. Feng, J.M. Chen, Effects of low-energy argon-ion bombardment on MoS2,
J.  Phys. C 7 (1974) L75–L78.
41] R.J. Colton, J.W. Rabalais, Electronic structure of tungsten and some of its
borides, carbides, nitrides, and oxides by x-ray electron spectroscopy, Inorg.
Chem. 15 (1976) 236–238.
